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ABSTRACT
Skeletal muscle fibre types are distinct in their physiological, structural, and metabolic
properties and are each associated with a specific myosin heavy chain (MyHC). They exist on a
continuum of pure and hybrid fibres (I↔I/IIa↔IIa↔IIa/x↔IIx↔IIx/b↔IIb) which allows for a
vast versatility of function. Each muscle has a unique fibre type composition that by adulthood is
well established, though it has been shown that endurance exercise can induce a shift from type
IIb MyHC toward type I MyHC expression. Skeletal muscle also has the capacity to regenerate
and restore its structure and function in response to injury. Interestingly, fibre type composition
can change dramatically following severe injury in skeletal muscle. The interplay between
endurance training and the regeneration process on fibre type composition is largely unknown.
Thus, this study aimed to elucidate the effect of endurance exercise training closely following
injury on fibre type composition. 12-week-old C57BL/6J mice were endurance exercise trained,
via treadmill running, for 40 minutes, 4 times per week, over 2 weeks. Fibre type specific MyHC
(type I, IIa, IIx, and IIb) were compared between sedentary and exercised mice at 14, and 50
days following cardiotoxin-induced injury. Immunohistochemical analyses were preformed to
assess fibre type specific MyHC positive area to determine changes in fibre type composition.
Results indicated that 14 days of endurance exercise training did not affect the fibre type
composition of the newly regenerated fibres in the predominately type II tibialis anterior or
plantaris. However, there was a significant increase in hybrid type IIa/x fibre positive area in the
soleus at the end of the 14 days of exercise training. Though, the observed changes in the soleus
returned to baseline after 36 days of sedentary behaviour. Thus, it appears that the interplay of
injury and endurance exercise on fibre type composition is dependent on the muscle group.
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INTRODUCTION
Mammalian skeletal muscle is an organ consisting of multinucleated fibres that are
established during embryonic development via the fusion of mononucleated muscle progenitor
cells (Ciciliot & Schiaffino, 2010). In adult skeletal muscle, muscle progenitors remain
associated in the form of muscle stem cells and are referred to as satellite cells (Ciciliot &
Schiaffino, 2010). These satellite cells are in part what gives skeletal muscle the innate ability to
repair or regenerate following differing degrees of damage (Ciciliot & Schiaffino, 2010).
Skeletal muscle plays an essential role as a physiological motor enabling locomotion and serves
as a major site for carbohydrate and fatty acid metabolism (Schuler et al., 2006). Consequently,
skeletal muscle health is important for the maintenance of the overall well-being of an
individual.
Skeletal muscle is versatile in its function and enables the accomplishment of various types
of activities. The flexibility of skeletal muscle function is a result of the heterogeneity of skeletal
muscle fibre types (Schiaffino & Reggiani, 2011). Each skeletal muscle fibre type has unique
metabolic, structural and functional characteristics which facilitates varying degrees of fatigue
resistance and force production (Needham, 1926; Schiaffino & Reggiani, 2011). Thus, it grants
individuals the capacity to perform activities such as maintaining posture over long periods,
repetitive activities like walking or breathing, and powerful actions like jumping or lifting an
object (Schiaffino & Reggiani, 2011).
Damage does not typically lead to lasting functional impairment of skeletal muscle, owing to
the intrinsic ability of it to repair itself (Carlson & Faulkner, 1983; Turner & Badylak, 2012).
Skeletal muscle will undergo either repair or regeneration depending upon the severity of
damage (Ciciliot & Schiaffino, 2010). The former occurs under circumstances of focal plasma
1

membrane disruption which can result from muscle contraction, a characteristic of exercise
(Ciciliot & Schiaffino, 2010). Skeletal muscle repair is also aimed toward repairing damages that
occur to subcellular structures and is a response more typical to activities of daily living or
submaximal bouts of exercise, where the damage experienced is not catastrophic. In contrast,
when the damage is severe enough to cause necrosis, stimulate an inflammatory response, and
activate satellite cells, it is referred to as skeletal muscle regeneration (Ciciliot & Schiaffino,
2010). Skeletal muscle regeneration occurs following instances of severe damage such as,
traumatic lesions, muscle strains, or due to a myopathy associate a disease such as muscular
dystrophy (Ciciliot & Schiaffino, 2010). Skeletal muscle regeneration can be categorized into
three overlapping stages: inflammation, active regeneration, and remodeling (Ciciliot &
Schiaffino, 2010; Turner & Badylak, 2012). As a prerequisite to the restoration of the functional
capacity of skeletal muscle, motor innervation must be reestablished (Järvinen et al., 2008). The
processes of skeletal muscle repair and regeneration are maintained regardless of fibre type.
Similar to fibre type, motor neurons are heterogenous in the structural and functional
properties that they possess, and are related to the contractile property of the muscle fibres being
innervated. (Henneman et al., 1974; Schiaffino & Reggiani, 2011). The motor neuron and all its
target muscle fibres are referred to as the motor unit. Motor units can be categorized based on
their contractile properties as follows: slow-twitch fatigue-resistant (S), fast-twitch fatigueresistant (FR), and fast-twitch fatigable (FF) (Kanning et al., 2010). Slow twitch motor units
would typically be smaller, fire slower in a tonic pattern, and innervate type I muscle fibres
(Kanning et al., 2010). Whereas, fast twitch motor units exist on the other end of the continuum
and are categorized as larger, faster conducting, fire in a phasic pattern, and innervate type II
muscle fibres (Kanning et al., 2010). Thus, motor units, much like skeletal muscle fibre type,
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exist on a continuum of size, excitability, firing patterns, and conduction speed: S↔FR↔FF
(Kanning et al., 2010).
Furthermore, the neurons themselves play a vital role in the determination of fibre type
during skeletal muscle regeneration in adults. When regeneration of a slow or fast twitch fibre
occurs in the absence of innervation or in the presence of a fast twitch neuron, the fibres
followed a default program of gene expression that includes fast myosin heavy chain (MyHC)
(Ciciliot & Schiaffino, 2010; Esser et al., 1993; Jerkovic et al., 1997). In contrast, the presence of
innervation via a slow motor neuron led to the expression of the slow MyHC isoform amongst
other genes (Ciciliot & Schiaffino, 2010; Esser et al., 1993). This demonstrates the essential role
slow motor neurons have in muscle fibre type specification.
Moreover, it has been previously shown that an increase in neuron activity, via endurance
activity or chronic low-frequency stimulation, is able to induce a shift in fibre type from fast
twitch towards slow twitch (Pette, 1998; Pette & Staron, 2000; Schiaffino & Serrano, 2002;
Windisch et al., 1998). Increased activity can lead to an increase in the duration of heightened
cytosolic calcium concentration, which then may increase the activity of the calcineurin-NFAT
signaling pathway (Pette, 1998; Pette & Staron, 2000; Schiaffino & Serrano, 2002).
Regenerating skeletal muscle presents an excellent model to investigate fibre type transition
in adult skeletal muscle. Further, endurance exercise provides a physiologically relevant and
practical stimulus to induce a shift in the establishment of adult fibre type. Few studies have
examined the effect of endurance exercise during the regeneration process on fibre type
composition. Thus, the primary objective of this project was to examine the effect of endurance
training soon after injury on skeletal muscle fibre type composition.
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Research Question
Does beginning endurance exercise soon after injury cause a significant change in the fibre
type composition of a muscle?
Hypothesis
Beginning endurance exercise training soon after injury, during the regeneration process, will
result in a significant increase in the number of slow twitch (type I MyHC) muscle fibres in a
muscle.
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CHAPTER 1
REVIEW OF LITERATURE
Skeletal Muscle Regeneration
Skeletal muscle is a multinucleated organ, composed of bundles of muscle fibres that
serves as the physiological motor to facilitate motion via contraction (Ciciliot & Schiaffino,
2010). These muscle fibres are bundled together in fascicles, which are bundled together again,
forming the skeletal muscle. When a contraction occurs, proteins within the myofibrils,
specifically actin and myosin, interact with one another to shorten the distance between their
anchor points (Herzog, 2009).
Upon sustaining damage, skeletal muscle has the ability to repair itself to its original
structure and function (Carlson & Faulkner, 1983). The process by which this occurs is referred
to as either repair or regeneration and is dependant upon the severity of damage (Ciciliot &
Schiaffino, 2010). Under circumstances of local damage that does not cause inflammation or cell
death, the process by which these disruptions are fixed is referred to as repair (Ciciliot &
Schiaffino, 2010). For example, contraction-induced focal plasma membrane disruption caused
by exercise is fixed by the fusion of subsarcolemmal vesicles to the plasma membrane (Ciciliot
& Schiaffino, 2010).
Skeletal muscle regeneration is initiated due to the necrosis of a segment or the whole
muscle fibre and can be divided into three broad stages: inflammation, active regeneration and
remodelling (Ciciliot & Schiaffino, 2010; Turner & Badylak, 2012) (Figure 1). The
inflammatory stage occurs immediately following damage and is categorized by the rupturing of
the plasma membrane (Chargé & Rudnicki, 2004; Ciciliot & Schiaffino, 2010; Turner &
Badylak, 2012). As a result of the rupturing of the sarcolemma, calcium ions move freely into
the muscle fibre and activate calcium-dependent proteases and phospholipolytic pathways
5

(Armstrong et al., 1991; Ciciliot & Schiaffino, 2010). These pathways in turn, cause the
breakdown of contractile proteins, structural proteins, and membrane phospholipids (Armstrong
et al., 1991; Ciciliot & Schiaffino, 2010; Turner & Badylak, 2012). Furthermore, the disruption
of the membrane stimulates the migration of phagocytic cells via pro-inflammatory factors
marking the beginning of the repair phase (Armstrong et al., 1991; Ciciliot & Schiaffino, 2010;
Turner & Badylak, 2012).
Figure 1. The landmark events of skeletal muscle regeneration. A visual representation of the
progression of skeletal muscle regeneration following injury, adapted from Ciciliot & Schiaffino,
(2010)

As the neutrophils and macrophages carry out phagocytosis, the inflammatory response is
amplified and stimulates the migration of the satellite cells towards the site of damage (Ciciliot
& Schiaffino, 2010; Turner & Badylak, 2012). As the satellite cells infiltrate the site of injury,
they begin to differentiate into myoblasts and fuse with one another or existing myofibrils
(Ciciliot & Schiaffino, 2010; Relaix & Zammit, 2012; Turner & Badylak, 2012). In the case of a
crush or lesion injury, scar tissue bridges the gap between the surviving fibre segments in order
to preserve the transduction of force along the muscle (Ciciliot & Schiaffino, 2010; Turner &
Badylak, 2012). As the ruptured muscle fibre is repaired, the scar tissue bridge is penetrated
6

allowing for the complete repair of the damaged muscle fibre (Ciciliot & Schiaffino, 2010;
Schiaffino & Reggiani, 2011; Turner & Badylak, 2012). The third stage of skeletal muscle
regeneration is referred to as remodelling and is a continuation of the repair phase (Ciciliot &
Schiaffino, 2010; Järvinen et al., 2008; Turner & Badylak, 2012). However, the remodeling stage
is distinguished from the repair phase by indices of reorganization, which include myonuclei
returning to the periphery of the muscle fibre and the establishment of the mature muscle fibre
type (Turner & Badylak, 2012). Motor innervation must also be re-established as a prerequisite
to the functional recovery of the newly regenerated muscle fibre (Järvinen et al., 2008).
Interestingly, beyond facilitating the optimal functioning of a muscle fibre, it has been shown
that the activity of a motor neuron plays a crucial role in fibre type remodelling of adult skeletal
muscles (Ciciliot & Schiaffino, 2010; Schiaffino & Reggiani, 2011).
Skeletal Muscle Fibre Type
Skeletal muscle is composed of a multitude of muscle fibres that function together to
generate force via contraction. Muscle fibres are grouped into what are known as motor units,
which consist of a motor neuron and all the muscle fibres that it innervates. Within a motor unit,
the structural and functional properties of the muscle fibres are highly similar, if not identical
(Schiaffino & Reggiani, 2011). The selective recruitment of motor units is what allows for a
muscle to respond appropriately to the demands of a given activity (Schiaffino & Reggiani,
2011). The recruitment of fewer motor units allows for fine motor control such as typing on a
keyboard or holding a pencil. Conversely, recruiting more motor units allows for a larger
response, like what is required to lift heavy objects or run. Furthermore, a single muscle group
has the ability to perform a wide range of physical tasks including prolonged low-intensity
contractions while maintaining posture, repeated submaximal contractions while walking, and
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maximal contractions required to jump or lift heavy objects (Schiaffino & Reggiani, 2011). It is
due to the heterogeneity of muscle fibre types within a single muscle group that allows for this
wide range of functional abilities (Schiaffino & Reggiani, 2011).
Not only are muscle fibres functionally compartmentalized into motor units, but motor
units are composed of distinct skeletal muscle fibre types. Skeletal muscle fibre types were first
classified as either slow twitch or fast twitch (Needham, 1926). Fast twitch fibres were
characterized as fibres with high glycolytic metabolism and a white appearance, while slow
twitch fibres were classified as containing a higher myoglobin and oxidative enzyme content,
along with a red appearance (Needham, 1926). Furthermore, during this time, the mechanical
and biochemical approaches to classifying fibre type found a common ground based on the
relationship between ATPase activity of myosin and speed of contraction (Barany, 1967;
Needham, 1926). Bárány (1967) found that muscles with higher ATPase activity, were correlated
with higher speeds of contraction, and this correlation held true within all fibre types (Barany,
1967). As the 1960s came to an end, the understanding of fibre types become more complex due
to four separate lines of evidence.
Correlated histochemical and physiological studies of individual motor units.
A landmark study conducted by Edstrom and Kugelberg examined the twitch properties
of single motor units within the rat tibialis anterior (TA) by stimulating single motor axons;
serial sections of the corresponding muscle fibres were taken in order to examine succinate
dehydrogenase (SDH) activity as an indicator of oxidative metabolism (Edström & Kugelberg,
1968). Low-frequency repetitive stimulation was used to induce glycogen depletion and
determine the resistance to fatigue of each motor unit (Edström & Kugelberg, 1968). It was
shown that muscle fibres within a motor unit had relatively homogenous oxidative capacity
8

based on SDH staining, hinting at the idea of a homogeneity of fibre type within motor units
(Edström & Kugelberg, 1968). Furthermore, it was found that the fatigability of the motor unit
was correlated with the histochemical type of the muscle fibres being innervated (Edström &
Kugelberg, 1968; Schiaffino & Reggiani, 2011). The physiological responses to activity were
found to be highly correlated with SDH enzyme activity such that the type II (fast twitch) fibres
fatigued quickly and contained little SDH; in contrast, type I (slow twitch) fibres were highly
fatigue resistant and had high SDH content (Edström & Kugelberg, 1968; Schiaffino &
Reggiani, 2011).
Electron Microscopy of Fast and Slow Skeletal Muscles
Interestingly, SDH activity was not the only molecular difference found between the
muscle fibre types during the 1960`s and early 1970`s (Schiaffino, 1970). Electron microscopy
found that mitochondrial content, sarcoplasmic reticulum development, and Z-line thickness
were unique to each muscle fibre types (Schiaffino, 1970; Schiaffino & Reggiani, 2011). By
using the contraction properties of motor units, it was shown that the motor units in the rat
extensor digitorum longus (EDL) were solely fast twitch,, and the rat soleus was composed
primarily of slow twitch motor units, with a minority of approximately 10% intermediate motor
units (Close, 1967; Schiaffino, 1970). However, when the rat EDL was examined via electron
microscopy, a vastly variable population of fibres was found, which ranged from small,
mitochondria-rich fibres with broad Z-lines to large, mitochondria-poor fibres with thin Z-lines
(Schiaffino, 1970). These researchers believed that the discrepancy between the electron
microscopy data and the previously established functional data may have been a result of various
sub-types of fast twitch motor units being present in the EDL (Schiaffino, 1970). These data
suggest that muscle fibres within a motor unit share similar contractile, metabolic, and structural
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characteristics, however, between motor units it may vary (Schiaffino, 1970). This was supported
by the previously discussed work of Edstrom and Kugelberg (1968), which examined the
correlation between the contraction properties and histochemical patterns of the rat TA (Edström
& Kugelberg, 1968; Schiaffino, 1970). The electron microscopy data also showed that both the
small mitochondria-rich and the large mitochondria-poor fibres in the rat EDL had similar speeds
of contraction, as well as richly developed sarcoplasmic reticula (Schiaffino, 1970; Schiaffino &
Reggiani, 2011). In contrast, the majority of the fibres within the rat soleus showed a less
developed sarcoplasmic reticulum (Schiaffino, 1970; Schiaffino & Reggiani, 2011). The small
percentage of fibres with more richly developed sarcoplasmic reticula, corresponded to the small
percentage of fast fibres shown to be in the rat soleus (Schiaffino, 1970; Schiaffino & Reggiani,
2011). It was also found that the Z-lines of mitochondria-poor fibres were thin, compared to
those of the mitochondria-rich fibres in both fast muscles and slow soleus muscle fibres
(Schiaffino, 1970; Schiaffino & Reggiani, 2011). These findings suggested that muscle fibre
structure was an expression of two separate physiological parameters: Speed of contraction
positively correlated to sarcoplasmic reticulum development and resistance to fatigue, and
negatively correlated to mitochondrial content and Z-line thickness (Schiaffino, 1970; Schiaffino
& Reggiani, 2011).
Novel procedures for myosin ATPase histochemistry
The development of novel histochemical procedures examining myosin ATPase during
the 1960s lead to the identification of two distinct fibre types within fast twitch muscles (Brooke
& Kaiser, 1970; Guth & Samaha, 1969). These distinct fibre types, referred to as type IIa and
type IIb, were found to be highly present in fast twitch muscles and differed from the slow twitch
or type I fibres (Brooke & Kaiser, 1970; Guth & Samaha, 1969). Sections of skeletal muscle,
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representative of slow and fast twitch muscle, were taken from the hind limbs of adult cats,
rabbits, and rats, and stained for myosin ATPase (Guth & Samaha, 1969). The established
histochemical protocol for myosin ATPase was altered to more clearly and precisely examine
fibre type differences (Guth & Samaha, 1969). The findings of the myosin ATPase and
subsequent SDH staining were correlated with physiological findings to further corroborate the
identification of type IIa and type IIb fibres (Burke et al., 1971; Guth & Samaha, 1969). It was
shown that type IIb fibres were fast-fatigable and stained weakly for SDH, while type IIa fibres
were fatigue-resistant and strongly stained for SDH (Burke et al., 1971). It should be stated that
though type IIa fibres are fatigue-resistant, their fatigue resistance is markedly lower than type I
fibres (Burke et al., 1971).
Biochemical Studies on Oxidative and Glycolytic Enzymes
Using biochemical analyses, the understanding and nomenclature of skeletal muscle fibre
types was further refined. Samples of skeletal muscles composed of solely one or another fibre
type were used to identify the glycolytic and oxidative capacity of each of the three known
muscle fibre types (type I, type IIa and type IIb) (Peter et al., 1972; Schiaffino & Reggiani,
2011). Peter et al (1972) found that type I fibres had a moderate to high oxidative capacity and
low glycolytic capacity, leading to the term slow-oxidative (Peter et al., 1972; Schiaffino &
Reggiani, 2011). Type IIa fibres had a lower oxidative capacity and a moderate to high
glycolytic capacity, thus being termed fast-twitch-oxidative-glycolytic (Peter et al., 1972;
Schiaffino & Reggiani, 2011). Type IIb fibres were found to have a low oxidative capacity and a
moderate to high glycolytic capacity, which in turn are referred to as fast-twitch glycolytic (Peter
et al., 1972). As the protocols for single fibre isolation became more precise it was found that the
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three fibre types did indeed have distinct enzyme content (Ekmark et al., 2003; Lowry et al.,
1978; Schiaffino & Reggiani, 2011; Spamer & Pette, 1977).
The most recent advancement in the classification of skeletal muscle fibre type occurred
during the late 1980s to the early 1990s which resulted in the characterization of a third fast
twitch fibre type (Schiaffino & Reggiani, 2011). Using monoclonal antibodies against myosin
heavy chains (MyHC) a third discrete MyHC isoform, referred to as MyHC IIx, was found
(Schiaffino et al., 1989; Schiaffino & Reggiani, 2011). The fatigue resistance of type IIx fibres
fell somewhere between that of type IIa and type IIb fibres (Larsson et al., 1991; Schiaffino &
Reggiani, 2011). Using immunohistochemical and in situ hybridization analyses of muscle
sections, along with biochemical analyses of single muscle fibres it was found that fibre types
exist on a continuum of pure or hybrid MyHC composition as follows: I↔I/IIa↔IIa↔IIa/IIx↔
IIx↔IIx/IIb↔IIb (Bottinelli et al., 1994; DeNardi, 1993; Gorza, 1990; Schiaffino & Reggiani,
2011). Although many mammals share this fibre type profile, in human limb skeletal muscle
MyHC IIB transcripts are not detectable, despite the Myh4 gene being present in the genome
(Smerdu et al., 1994; Schiaffino & Reggiani, 2011). It should be noted that the muscle fibres in
humans which were classified as type IIB fibres based on myosin ATPase staining, are in fact
composed of type IIX MyHCs; this led to the human type IIB fibre being renamed to type IIX
(Smerdu et al., 1994; Schiaffino & Reggiani, 2011).
Fibre Type Differentiation
Embryonic Development

In the early stages of embryonic development, a diversification of muscle fibre occurs
independently of neural influence (Condon et al., 1990; Schiaffino & Reggiani, 2011). During
these early stages of development in mammals, there is no evidence for heterogeneity within the
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muscle cell lineages (Schiaffino & Reggiani, 2011). All skeletal muscle fibres in mouse models,
prior to 16th day of embryonic development (E16), express both MHC-emb and MHC-β/slow,
along with the fast and slow-type isoforms of many of the muscle genes (Condon et al., 1990;
Narusawa, 1987; Schiaffino & Reggiani, 2011). Following E16, fibre type diversification can
begin to be observed via the loss of MHC-β/slow expression being replaced by the expression of
MHC-neo in some of the primary generation fibres (Condon et al., 1990; Schiaffino & Reggiani,
2011). Furthermore, the fibres which express MHC-emb and -neo give rise to fast twitch fibres,
while those fibres which express MHC-emb and -β/slow give rise to slow twitch fibres (Condon
et al., 1990; Schiaffino & Reggiani, 2011). The primary generation fibres are followed closely by
second generation fibres which express MHC-emb and -neo but lack the express of MHC-β/slow
(Condon et al., 1990; Schiaffino & Reggiani, 2011).As development progresses in slow twitch
muscles, those secondary generation fibres which only expressed MHC-neo tend to switch to
MHC-β/slow expression (Condon et al., 1990; Schiaffino & Reggiani, 2011).
Regenerating Skeletal Muscle

As previously described, skeletal muscle has the capacity to repair itself following
damage and return to near original structure and function. Thus, regenerating skeletal muscle
presents an interesting model to examine the changes to fibre type that can occur in adult
mammals. As fibre type becomes established in regenerating muscle fibres, the embryonic and
neonatal isoforms of MyHC are expressed first, similar to what is observed during myogenesis
(d’Albis et al., 1988). In contrast to myogenesis, the expression of developmental MyHCs are
lost more quickly, and replaced by expression of fibre type specific MyHC isoforms (d’Albis et
al., 1988). Interestingly, when skeletal muscle repair is examined in the presence or absence of
innervation, an underlying intrinsic pattern emerges. During the initial phases of regeneration,
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the rat soleus and EDL muscles have been found to heterogeneously express mRNA encoding
fast, slow, and cardiac isoforms of contractile proteins (Esser et al., 1993). As regeneration
progresses, the rat EDL switches to predominantly express the fast MyHC both in the presence
and absence of innervation by fast nerves (Esser et al., 1993). Similarly, as regeneration of the rat
soleus progressed in the absence of innervation by slow nerves, it was found that fast MyHC was
more highly expressed (Esser et al., 1993). In contrast, it was found that if the rat soleus was
innervated by a slow nerve during regeneration, it would acquire the typical expression of slow
mRNA isoforms within a week (Esser et al., 1993). These findings suggest that the expression of
fast MyHC may be intrinsic to skeletal muscle and that the expression of slow MyHC may be
regulated by innervation via the slow motor neuron. Similarly, an upregulation of the fast MyHC
isoform can be observed in individuals who have suffered a complete spinal lesion (BieringSørensen et al., 2009; Burnham et al., 1997; Qin et al., 2010; Scelsi et al., 1982; Schiaffino &
Reggiani, 2011). However, it is unclear whether reinnervation of the skeletal muscles by slow
motor neurons would lead to an upregulation in the slow MyHC isoforms.
Signalling Pathways Mediating Nerve Activity-Dependent Fibre Type Transitions
Nerve activity-dependent fibre type specification is thought to be mediated primarily by
two signaling pathways; the Ras-MAPK and calcineurin-NFAT pathway (Ciciliot & Schiaffino,
2010; Schiaffino & Serrano, 2002). The role of the Ras-MAPK pathway was elucidated by
observing whether a constitutively active form of Ras, RasV12, could induce the expression of
slow MyHC in denervated muscle fibres, similar to what is seen following S neuron innervation
(Ciciliot & Schiaffino, 2010; Murgia et al., 2000; Schiaffino & Serrano, 2002). 5 days following
bupivacaine-induced injury, the express of slow MyHC were first detected and remained
detectable 1 month later (Murgia et al., 2000). Furthermore, it was found that RasS35 selectively
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stimulated the ERK pathway, a major MAPK pathway, and mimicked the effect of a S neuron in
upregulating the expression of slow MyHC (Murgia et al., 2000). When endogenous Ras was
inhibited by a dominant-negative Ras mutant, innervation via a S neuron had no influence on
MyHC expression, rather these fibres were found to follow the default expression of type IIx
MyHC (Murgia et al., 2000). These findings taken together provide compelling evidence for the
role of the Ras-MAPK pathway in regulating slow MyHC.
Calcineurin is activated by calcium/calmodulin binding, it then interacts with select
transcription factors of the NFAT family, which then migrate from the cytoplasm to the nucleus
and influence the expression of certain genes (Schiaffino & Serrano, 2002; Schiaffino &
Reggiani, 2011). In relation to fibre type specification, the role of NFATc1 is to inhibit the
expression of type IIx and IIb MyHC, while upregulating the expression of slow MyHC (Ehlers
et al., 2014). The role of calcineurin in the regulation of slow MyHC was further corroborated by
examining the effect of the administration of cyclosporin A, an inhibitor of calcineurin, in mice
(Bigard et al., 2000; Delling et al., 2000; Naya et al., 2000). When MyHC expression was
examined following the administration of cyclosporin A, it was found that a marked decrease in
slow MyHC and an increase in fast MyHC isoforms had occurred (Bigard et al., 2000; Delling et
al., 2000; Naya et al., 2000). Since, calcineurin is activated via calcium/calmodulin binding,
there is evidence that due to the frequency of stimulation of a S neuron during endurance
exercise, the increased duration of elevated cytosolic calcium induces calcineurins activation
(Qaisar et al., 2016).
Application
Skeletal muscle is important for the maintenance of overall health. It functions as a
physiological motor, as well as a site for carbohydrate and fatty acid metabolism. Through
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activities of daily living, by direct injury or due to a myopathy caused by disease, skeletal muscle
may sustain damage. However, skeletal muscle possesses an innate ability to repair or regenerate
following varying degrees of damage. An important part of maintaining proper skeletal muscle
health is having a good understanding of the underlying mechanisms which govern this repair or
regeneration process. A more thorough understanding of the nuance of the regeneration process
can allow for more informed decisions related to recovering from injuries and may give insights
into potential treatments to disease related myopathies.
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CHAPTER 2
METHODS
Animal Handling and Procedures
Animal Care
48 male C57BL/6J mice were purchased from Jackson Laboratory (Bar Harbor, ME).
Forty of these mice were injured via cardiotoxin (CTX) injection, then randomly assigned to
either the sedentary (Sed) or exercise (Ex) treatment group (n=20/group). Each group was further
subdivided into one of five time points (3, 5, 7, 14, or 50 days post-injury; n = 4/group) to
investigate fibre type composition. The remaining 8 mice were divided into two groups,
sedentary and exercise, and received no CTX treatment and, thus, served as experimental
controls. Male mice were used to lower the potential impact of fluctuating hormones and growth
factors seen during the estrous cycle. The mice were housed in a climate-controlled animal room
that was maintained at 22°C, 50% humidity, and on a 12:12h light-dark cycle. The mice had
access to water and a standard diet ad libitum, and enrichment was provided via nesting material
and carboard tubing. The mice were acclimatized in the housing cages for a week prior to
handling. All experimental protocols were approved by the University of Windsor Animal Care
Committee (AUPP 16-06).
Injury Model

Skeletal muscle injury was induced via a 50 µl intramuscular injection of 10 µM
cardiotoxin (Latoxan, France) into the left TA, and three evenly spaced injections into the left
gastrocnemius-plantaris-soleus complex (GPS) in both injury groups. Cardiotoxin injections
were conducted 48 hours prior to the first exercise training session (see Appendix A Figure A1)
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Tissue Collection

Mice were euthanized 3, 5, 7, 14, and 50 days post-injury via exsanguination followed by
cervical dislocation (Appendix A, Figure A1). The injured and uninjured TA and GPS muscle
were harvested and mounted with optimal cutting temperature (OCT) embedding compound on a
folded piece of tin foil and placed on top of isopentane cooled by liquid nitrogen, avoiding direct
contact. Once the OCT was fully frozen the tissue was transferred into a 2 mL Eppendorf tube
and stored at -80°C awaiting cryosectioning.
Exercise Protocol

One week prior to CTX treatment the mice in the exercise group were familiarized with
the treadmill over 4 sessions (See Appendix A Figure A1). The first familiarization session
consisted of the mice being placed on the treadmill at a grade of 0% and a speed of 0 metres per
minute (m/min) for 10 minutes. The following session consisted of 10 minutes of walking at a
grade of 0% and a speed of 5 m/min. During the two final familiarization sessions the grade was
increased to 5% and the speed was increased by 2.5 m/min per session.
48 hours following CTX treatment the mice began endurance exercise training. The
endurance exercise training protocol consisted of 40 minutes of total exercise 4 days per week
for 2 weeks. Exercise sessions included a brief warm-up and cool-down period of 5 minutes each
which resulted in a total treadmill time of 50 minutes per session. The first session of exercise
training consisted of running at a 10% grade and speed of 14 m/min for 20 minutes, followed by
an increase to a 15% grade and speed of 15 m/min for the remaining 20 minutes. During each
following training session, the speed for the first 20 mins was increased by 1m/min from the
speed of the final 20 minutes of the previous session. The speed was then increased by an
additional 1m/min for the remaining 20 minutes. The grade of the treadmill was set to 10%
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during the first 20 minutes of exercise training and increased to 15% for the remaining 20
minutes for all exercise sessions. Mice were encouraged to run via soft bristle brushes placed
near the end of the treadmill.
Histological Analyses

6µm cryosections of muscle tissues were obtained using a Leica CM1860 UV cryostat
and mounted on to glass slides. These slides were then immunostained using primary antibodies
against type I (BA-F8), IIa (SC-71), IIx (BF-F3), and IIb (6H1) myosin heavy chain to identify
fibre types as per previous studies (Bloemberg & Quadrilatero, 2012). These primary antibodies
were purchased from the Developmental Studies Hybridoma Bank (University of Iowa). Tissue
sections were also immunostained using primary antibodies against eMHC (BF-45) and laminin
(4H8-2, Abcam) to identify the presence of eMHC during the early stages of regeneration (3, 5, 7
days). Laminin was used to indicate the muscle fibre border to aid in eMHC analysis. All
secondary antibodies were purchased from Invitrogen. The images for analysis were captured in
predetermined regions within each muscle group. This was kept consistent between samples to
minimize potential bias when capturing the images. In the TA there were 5 equidistant images
captured, while in the plantaris and soleus 3 equidistant images were captured. This resulted in a
total of approximately 320 images for the TA, 190 images for the plantaris, and 190 images for
the soleus. On average 50 fibres were measured per image. When analysing fibre type specific
MyHC expression in the injured muscles the presence of a centrally located nuclei was used as a
marker of a regenerated fibre and only these fibres were measured. The image analysis was
conducted by multiple investigators to minimize potential bias when interpreting the images.
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Data and Statistical Analysis
A three-factor ANOVA was conducted to analyze mean fibre-type specific positive area
and mean fibre-type specific CSA between the four groups, sedentary (Sed), exercise (Ex),
sedentary-CTX (Sed-CTX), and exercise-CTX (Ex-CTX) at 14 and 50 days post-CTX injury.
The independent variables analysed were exercise, injury, and time following CTX treatment. A
two-factor ANOVA was conducted to compare the mean eMHC positive area and mean eMHC
CSA of the Sed-CTX and EX-CTX groups at the 3, 5, and 7 days post-CTX injury. The
independent variables were exercise and time point.. All statistical analyses were conducted
using the statistical software package SPSS (version 22). In the event that a set of data violated
Lavene ‘s test of equality of variance (p<0.05), boxplots and Q-Q plots were used to detect
outliers. Analyses were considered significant at an alpha level less than 0.05.
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CHAPTER 3
RESULTS
Subject Characteristics
Body Mass
Body mass was assessed at the time of CTX injection (pre-exercise) and at the time of
dissection (post-exercise) for each group at each time point (Table 1). The sedentary and exercise
groups both showed a positive trend of weight change resulting in a mean gain of 4.53 grams (g)
and 3.80 g, respectively, between the 3 and 50 day time-points (p<0.001) (Table 1). The
difference between the sedentary and exercise group was not significant, and there was no
significant interaction between exercise and time point post-injury on the change in body mass.
Table 1. Body and muscle mass of the sedentary and exercised mice at 3, 5, 7, 14, and 50 days
post-CTX injury.
Activity
Sedentary

Exercise

Time postInjury (Days)
3

Body, preex (g)
26.2±1.4

Body,
post-ex (g)
25.9 ±1.6

TA (mg)

Mass
CTX TA
(mg)
53.5 ±3.5 56.1 ±6.0

CTX GPS
(mg)
173.8 ±10.1 165.2 ±15.1

5

26.1 ±1.9

25.9 ±1.7

52.4 ±3.6

35.0 ±3.9

183.8 ±15.0 158.2 ±11.3

7

27.7 ±1.4

28.5 ±1.6

57.1 ±5.4

45.8 ±3.5

194.0 ±12.5 168.7 ±11.2

14

26.5 ±1.8

27.5 ±2.0

52.3 ±2.3

187.7 ±19.1 184.7 ±29.8

50

25.9 ±2.5

30.5 ±3.0

56.9 ±3.8

66.8
±10.2
96.8 ±4.4

3

26.9 ±2.0

26.3 ±1.8

59.8 ±9.7

65.7 ±5.0

176.7 ±11.6 182.5 ±28.1

5

25.7 ±1.7

25.8 ±1.3

53.0 ±5.8

184.7 ±13.3 157.5 ±12.4

7

25.9 ±2.5

26.6 ±2.0

53.9 ±4.2

43.0
±10.0
43.3 ±4.0

14

24.7 ±1.0

27.0 ±0.9

60.2 ±8.4

58.1 ±5.0

180.4 ±6.6

50

25.7 ±2.1

29.5 ±2.4

54.5 ±4.7

74.0
±17.9

193.8 ±12.0 204.0 ±19.3

GPS (mg)

205.5 ±19.9 232.5 ±15.6

186.1 ±22.2 162.2 ±16.7
159.5 ±23.3

Body mass was assessed prior to and following the exercise training period. Muscle masses were
determined upon dissection. All data are presented as means ± SD.
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Muscle Mass
Muscle masses of the excised muscle groups were taken at the time of dissection for each
group at the respective time points (Table 1). The GPS was excised as a whole muscle group to
facilitate cryosectioning and immunohistochemical staining, thus there were no individual
plantaris and soleus masses. The non-injured TA mass showed no significant changes over the
50 days, and significant difference between the sedentary and exercise group (Table 1). The
injured TA showed a significant change over the 50 days (p<0.01), but significant difference
between the sedentary and exercise group.
The non-injured GPS showed no significant change over the 50 days, or between the
sedentary and exercise group, and there was no interaction between exercise and time point
(Table 1). Injured GPS mass significantly increased over the 50 days (p<0.001), however, there
was no significant differences between the sedentary and exercise group, or interaction between
time point and exercise group found (Table 1).
The ratio of muscle mass as a percentage of post-exercise body mass was assessed at
each time-point (Table 2). The non-injured TA to body mass ratio showed no significant change
over the 50 days, or between the sedentary and exercise group, there was also no significant
interaction between exercise and time point. In contrast, the injured TA to body ratio showed a
significant change over the 50 days (p<0.001), and interaction between exercise and time postCTX injury (p=0.031). However, the difference between the sedentary and exercise group was
not significant for the ratio of injured TA mass to post-exercise body mass.
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Table 2. Sedentary and exercised TA, and GPS muscle mass as a percentage of body mass at 3,
5, 7, 14, and 50 days post-CTX injury
Activity
Sedentary

Exercise

Time postInjury (Days)
3

TA: Body
Ratio (%)
0.20 ±0.011

CTX TA: Body
Ratio (%)
0.21 ±0.02

GPS: Body Ratio
(%)
0.66 ±0.02

CTX GPS:
Body Ratio (%)
0.63 ±0.04

5

0.20 ±0.012

0.13 ±0.01

0.71 ±0.07

0.61 ±0.02

7

0.21 ±0.01

0.17 ±0.01

0.70 ±0.04

0.61 ±0.03

14

0.20 ±0.02

0.26 ±0.05

0.72 ±0.12

0.71 ±0.15

50

0.22 ±0.03

0.38 ±0.04

0.80 ±0.13

0.91 ±0.14

3

0.22 ±0.04

0.24 ±0.01

0.66 ±0.05

0.68 ±0.08

5

0.21 ±0.01

0.17 ±0.04

0.72 ±0.04

0.61 ±0.03

7

0.21 ±0.01

0.17 ±0.03

0.72 ±0.07

0.63 ±0.01

14

0.24 ±0.04

0.24 ±0.01

0.73 ±0.06

0.65 ±0.09

50

0.21 ±0.02

0.29 ±0.07

0.76 ±0.08

0.80 ±0.10

The ratio of non-injured GPS mass to post-exercise body mass showed no significant
change over the 50 days, or between the sedentary and exercise groups, and there was no
significant interaction between exercise and time point. The injured GPS mass to post-exercise
body mass showed no significant difference between the sedentary and exercise group, and no
significant interaction between exercise and time point. However, it was found that the main
effect the change over the 50 days was significant (p<0.001).
Myosin Heavy-Chain
Myofibre Expression of Embryonic Myosin Heavy-Chain
Embryonic myosin heavy-chain (eMHC) positive-fibres were examined as an index of
early regeneration. eMHC-immunostained tissue sections were analyzed for mean cross-sectional
area of eMHC-positive fibres and overall eMHC positive area as a percentage of total measured
area (Figure 2). The increase of mean eMHC CSA of the TA between 3 and 7 days post-CTX
injury was found to be significant (p<0.001) (Figure 2A and Appendix B, Figure B1). There was
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no significant main effect of exercise nor was there a significant interaction between exercise and
time on mean eMHC CSA. Similarly, the increase in relative eMHC positive area of the TA
between 3 to 7 days post-CTX injury was found to be significant (p<0.001) (Figure 2B and
Appendix B, Figure B1). The main effect of exercise was found to not be significant for eMHC
positive area of the TA and there was no significant interaction between time point and exercise.
The mean eMHC CSA of the plantaris increased between the 3 and 7 day time points and
there was a significant main effect of time (p<0.001) (Figure 2C and Appendix B, Figure B2).
The main effect of exercise was not significant and there was no interaction between time point
and exercise on mean eMHC CSA in the plantaris. The relative eMHC positive area also showed
an increase between 3 and 7 days post-CTX injury in the plantaris and there was a significant
main effect of time point (p<0.001) and exercise (p=0.041) (Figure 2D and Appendix B, Figure
B2). There was not a significant interaction between time point and exercise, however.
Like the TA and plantaris, the mean eMHC CSA of the soleus increased between the 3and 7 day post-CTX injury time points (Figure 2E and Appendix B, Figure B3), and the main
effect of time point was found to be significant (p<0.001). The main effect of exercise was not
significant and there was no significant interaction between time point and exercise on the mean
eMHC CSA of the soleus. There was an increase in relative eMHC positive area between 3- and
7 days post-CTX injury in the soleus, and the main effect of time point was significant (p<0.001)
(Figure 2F and Appendix B, Figure B3). The main effect of exercise on relative eMHC positive
area was not significant, and there was no interaction between time post-CTX injury and exercise
in the soleus.
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Figure 2. Immunohistochemical analysis of expression of eMHC in sedentary and exercised TA,
plantaris, and soleus at 3, 5, and 7 days post-CTX injury

Data are presented as mean CSA of eMHC-expressing myofibres (A, C, and E) and as the proportion of
tissue section area positive for eMHC (B, D, and E). While the TA (A, B) and soleus (E, F) demonstrated
no statistically significant effect of exercise, the exercised plantaris had lower eMHC positive area (D;
main effect of exercise, p=0.041) compared to the sedentary plantaris despite mean fibre CSA
demonstrating no change (C). ⁑=main effect of exercise, Ø=main effect of injury, *=main effect of time,
‡=interaction of injury and time, ○=interaction of exercise and injury, ●=interaction of exercise and time,
#=threeway interaction
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Myofibre Expression of Mature Myosin Heavy-Chain
Tibialis Anterior
The CSA of the pure and hybrid fibre types were measured 14 and 50 days post-CTX
injury for the TA, plantaris, and soleus (Figure 3,5,7 and Appendix B, Figure B4, B5, B6). These
muscles were chosen for this analysis due to the high likelihood of recruitment during the
endurance exercise training protocol. Furthermore, the TA and plantaris are both typically fast
twitch muscles while the soleus is typically slow twitch. The plantaris and soleus also share a
similar function of plantar flexion which opposes the TA which is a dorsi flexor. The CSA of
mature MyHC-expressing fibres, regardless of specific fibre type, were averaged and compared
between the groups at each time point (Figure 3,5,7).
There were no type I fibres observed in the TA of the injured leg of the exercised mice at
the 14 day time point, or in the injured leg of either exercise group and the non-injured leg of the
sedentary group at 50 days post-CTX injection (Figure 3A and Appendix B, Figure B4). The
mean CSA of type IIa fibres of the TA showed an increase in both legs of both exercise groups
and the sole significant main effect was time (p=0.02), there were no significant interactions
found (Figure 3B and Appendix B, Figure B4). The mean CSA of type IIx fibres also increased
in both legs of both exercise groups between the 14 and 50 day time points which showed a
significant main effect of exercise (p=0.009), injury (p=0.005), and time post-CTX injection
(p<0.001) (Figure 3C and Appendix B, Figure B4). However, there were no significant
interactions found for mean CSA of type IIx fibres. The change in mean CSA of type IIb fibres
in the TA showed a significant main effect of exercise (p=0.02) and time (p<0.001), and there
was a significant two-way interaction between injury and time point (p<0.001) (Figure 3D and
Appendix B, Figure B4). The CSA of the mature MyHC fibre types (type I to type IIb) were
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averaged and compared between the injured and non-injured leg of each treatment group which
showed a significant main effect of exercise (p=0.001) and time point (p<0.001) (Figure 3E).
There was also a significant interaction between injury and time post-CTX injury (p<0.001).
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Figure 3. Immunohistochemial analysis of mean MyHC-specific CSA and mature MyHC mean CSA in
the injured and non-injured TA of sedentary and exercised mice at 14 and 50 days post-CTX injury

Data are presented as mean MyHC-specific CSA (A, B, C, D) and as the mean mature MyHC CSA (E).
Mean type I and IIa CSA in the TA demonstrated no statistically significant main effects of exercise (A,
B). Mean type IIx, IIb and mature MyHC mean CSA were lower in the exercised group (C; main effect of
exercise, p=0.009, D; main effect of exercise, p=0.02, E; main effect of exercise, p=0.001) when
compared to the sedentary group. ⁑=main effect of exercise, Ø=main effect of injury, *=main effect of
time, ‡=interaction of injury and time
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The relative percentage for each hybrid and pure fibre type of the TA, Plantaris and
Soleus was compared between treatment groups at 14- and 50 days post-CTX injury, along with
the ratio of hybrid fibre type positive area as a percentage of pure fibre type positive area (Figure
4,6,8 and Appendix B, Figure B4, B5, B6). The change in mean type I positive area of the TA
between the 14- and 50 day time points showed no significant main effects or interactions
(Figure 4A and Appendix B, Figure B4). The type IIa positive area in the TA decreased for both
sedentary groups and increased in both exercise groups, and the sole significant main effect was
injury (p=0.03) (Figure 4B and Appendix B, Figure B4). There was also a significant interaction
found between exercise and time point (p=0.02). The change in mean type IIx positive area
showed no significant main effects of exercise, injury, or time point, and there were no
significant interactions found (Figure 4C and Appendix B, Figure B4). Similarly, the change in
mean type IIb positive area showed no significant main effects of exercise, time point, or injury,
and there were no significant interactions (Figure 4D and Appendix B, Figure B4). Type I/IIa
hybrid fibres positive fibres were only observed 50 days post-CTX injury in the injured TA of
the exercised group (Figure 4E and Appendix B, Figure B4). There were no statistically
significant main effects or interactions found related to the change in mean type IIa/x positive
fibres between 14- and 50 days post-CTX injury (Figure 4Fand Appendix B, Figure B4). The
change in mean type IIx/b positive hybrid fibres showed no significant main effects, however
there was a statistically significant interaction between exercise and time post-CTX injury (p=
0.03) (Figure 4G and Appendix B, Figure B4). The difference in the ratio of mean hybrid fibre
type positive area as a percentage of pure fibre type positive area showed no significant main
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effects, however there was a statistically significant interaction between treatment group and
time point (p=0.03) (Figure 4H).
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Figure 4. Immunohistochemical analysis of mean MyHC positive area and hybrid to pure
MyHC ratio in the injured and non-injured TA of sedentary and exercised mice at 14 and 50 days
post-CTX injury

Data are presented as mean MyHC positive area (A, B, C, D, E, F, G) and as the hybrid to pure ratio as a
percentage (H). Mean type I, IIx, IIb, I/IIa, and IIa/x positive area demonstrated no significant main
effects of exercise (A, C, D, E, F). Exercise demonstrated a significant increase in mean type IIa and IIx/b
positive area, as well as, the hybrid to pure ratio (B; interaction of exercise and time point, p=0.02, F;
interaction of exercise and time, p=0.03, H; interaction of exercise and time, p=0.03) when compared to
the sedentary group. Ø=main effect of injury, ●=interaction of exercise and time
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Plantaris
There were no type I positive fibres observed 14 days post-CTX injury in the non-injured
leg of the sedentary group or 50 days post-CTX injury in the non-injured leg of the exercise
group (Figure 5A and Appendix B, Figure B5). There were no significant main effects, or
interactions, for the change in mean type I CSA in the plantaris. Both legs of both exercise
groups showed an increase in mean type IIa CSA, and the sole significant main effect was for
injury (p=0.001) (Figure 5B and Appendix B, Figure B5). The change in mean type IIx CSA
showed a significant main effect of exercise (p=0.03), injury (p<0.001), and time point
(p=0.002), as well as a significant interation between injury and time point (p=0.01) (Figure 5C
and Appendix B, Figure B5). The increases in mean type IIb CSA found a significant main effect
of exercise (p=0.03) and time post-CTX injury (p<0.001), and there was a significant interaction
between injury and time (p=0.002) (Figure 5D and Appendix B, Figure B5). The change in mean
mature MyHC CSA showed a significant main effect of exercise (p=0.02) and time post-CTX
injury (p<0.001) (Figure 5E). There was also a significant interaction between injury and time
point (p=0.006) (Figure 5E).
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Figure 5. Immunohistochemical analysis of mean MyHC CSA and mature MyHC mean CSA in the
injured and non-injured plantaris of sedentary and exercised mice at 14 and 50 days post-CTX injury

Data are presented as mean MyHC-specific CSA (A, B, C, D) and as the mean mature MyHC CSA (E).
Mean type I and IIa CSA in the plantaris demonstrated no statistically significant main effects of exercise
(A, B). Exercise demonstrated a decrease in mean type IIx and IIb CSA, as well as mature MyHC mean
CSA (C; main effect of exercise, p=0.03, D; main effect of exercise, p=0.03, E, main effect of exercise,
p=0.019) when compared with the sedentary group. ⁑=main effect of exercise, Ø=main effect of injury,
*=main effect of time, ‡=interaction of injury and time
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There were no significant main effects or interactions found related the the change in
mean type I positive area in the plantaris between the 14 and 50 day time ponits (Figure 6A and
Appendix B, Figure B5). Similarly, no significant main effects or interactions were found for the
change in type IIa or type IIx positive area (Figure 6B, C and Appendix B, Figure B5). In
contrast, the change in type IIb positive area in the plantaris showed a significant main effect of
injury (p<0.001), and time post-CTX injury (p<0.001), as well as a significant interaction
betweeen injury and time point (p=0.005) (Figure 6D and Appendix B, Figure B5). The change
in mean type I/IIa positive area showed no significant main effects or interactions (Figure 6E and
Appendix B, Figure B5). The changes in mean type IIa/x positive area showed a significant main
effect of injury (p=0.001), and time post-CTX injury (p=0.02), there was also a significant
interaction between injury and time point (p=0.04) (Figure 6F and Appendix B, Figure B5).
Similarly, the change in type IIx/b positive area showed a significant main effect of injury
(p=0.002) and time post-CTX injury (p=0.01), as well as a significant interaction between injury
and time point (p=0.02) (Figure 6G and Appendix B, Figure B5). There was a significant main
effect of injury (p=0.004) and time post-CTX injury (p<0.001) for the difference in mean hybrid
fibre type to pure fibre type ratio (Figure 6H). There also was a significant interaction (p<0.001)
between injury and time post-CTX injury on mean hybrid to pure fibre type ratio.
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Figure 6. Immunohistochemical analysis of mean MyHC positive area and hybrid to pure MyHC
ratio in the injured and non-injured plantaris of sedentary and exercised mice at 14 and 50 days
post-CTX injury

Data are presented as mean MyHC positive area (A, B, C, D, E, F, G) and as the hybrid to pure ratio as a
percentage (H). Exercise demonstrated no significant main effects on fibre type composition in the
plantaris, and interaction of the variables were not significant (A, B, C, D, E, F, G, H). Ø=main effect of
injury, *=main effect of time, ‡=interaction of injury and time
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Soleus
The differences in mean type I CSA in the soleus between exercise groups showed a
significant main effect of time post-CTX injury (p<0.001) (Figure 7A and Appendix B, Figure
B6). There was a signifcant main effect of injury (p=0.001), and time point (p<0.001) on mean
type IIa CSA between the 14 and 50 day time points (Figure 7B and Appendix B, Figure B6).
There also was a significant interaction between injury and time point (p<0.001) on the mean
type IIa CSA. Similarly, there was a significant main effect of injury (p=0.001) and time point
(p<0.001), and a significant interaction (p=0.003) between injury and time point on mean type
IIx CSA(Figure 7C and Appendix B, Figure B6). There were no type IIb fibres observed 50 days
post-CTX injury in the injured exercised mice (Figure 7D and Appendix B, Figure B6). There
was a significant main effect of injury (p=0.002) and time post-CTX injury (p=0.004) on mean
type IIb CSA, and there were significantion interactions between exercise and injury (p=0.005),
and exercise and time point (p=0.005) (Figure 7D and Appendix B, Figure B6). However,
interpretations of the anaylsis of the type IIb fibres should be made with caution since there were
a low total number of type IIb fibres observed in the soleus. The differences in mean mature
MyHC CSA showed a significant main effects of time point (p<0.001), as well as a significant
interaction between injury and time point (p=0.001) (Figure 7E).
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Figure 7. Immunohistochemical analysis of mean MyHC CSA and mature MyHC mean CSA in the
injured and non-injured soleus of sedentary and exercised mice at 14 and 50 days post-CTX injury

Data are presented as mean MyHC-specific CSA (A, B, C, D) and as the average mature MyHC CSA (E).
Mean type I CSA and mature mean MyHC CSA in the soleus demonstrated no statistically significant
main effects of exercise (A, E).. Exercise resulted in a larger decrease in mean type IIb CSA between the
14 and 50 day time point (D; interaction of exercise and time point, p=0.005) when compared to the
sedentary group. Care must be taken when interpreting the mean type IIb data due to the lack at 50 days
in the injured soleus of the exercised group. Ø=main effect of injury, *=main effect of time, ‡=interaction
of injury and time, ○=interaction of exercise and injury, ●=interaction of exercise and time
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It was found that there was a significant main effect of time post-CTX injury (p=0.009)
on mean type I positive area in the soleus (Figure 8A and Appendix B, Figure B6). There was
also a significant interaction between injury and time post-CTX injury on mean type I positive
area. The differences in mean type IIa positive area showed a significant main effect of injury
(p<0.001), however there were no significant interactions (Figure 8B and Appendix B, Figure
B6). There were no significant main effects, or interactions found for the differences in type IIx
positive area (Figure 8C and Appendix B, Figure B6). The changes in mean type IIb positive
area showed a significant main effect of injury (p=0.04) and no significant interaction (Figure 8D
and Appendix B, Figure B6). There was a significant main effect of injury (p=0.01), and time
post-CTX injury (p=0.04) found for the differences in mean type I/IIa positive area, and no
significant interactions (Figure 8E and Appendix B, Figure B6). It was found that there was a
significant main effect of exercise(p=0.001), injury (p<0.001), and time post-CTX injury
(p<0.001) on the difference in mean type IIa/x positive area (Figure 8F and Appendix B, Figure
B6). There was also significant interactions found between exercise and injury (p=0.001),
exercise and time post-CTX injury (p<0.001), injury and time post-CTX injury (p<0.001), and
exercise, injury, and time post-CTX injury (p=0.001) on mean type IIa/x positive area (Figure 8F
and Appendix B, Figure B6). In contrast there were no significant main effects or interactions
found for the differences in mean type IIx/b positive area (Figure 8G and Appendix B, Figure
B6). There was a significant main effect of exercise (p=0.002), injury (p<0.001), and time postCTX injury (p <0.001) on hybrid to pure mature MyHC type in the soleus (Figure 8H). It was
also found that there were significant interactions between exercise and injury (p=0.003),
exercise and time post-CTX injury (p=0.001), injury and time post-CTX injury (p <0.001), and
exercise, injury, and time post-CTX injury (p=0.002) (Figure 8H).
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Figure 8. Immunohistochemical analysis of mean MyHC positive area and hybrid to pure MyHC ratio in
the injured and non-injured soleus of sedentary and exercised mice at 14 and 50 days post-CTX injury

Data are presented as mean MyHC positive area (A, B, C, D, E, F, G) and as the hybrid to pure ratio as a
percentage (H). Mean type I, IIx, and IIx/b positive area demonstrated no significant main effects of
exercise (A, C, G). Exercise demonstrated a higher mean type IIa/x positive area and hybrid to pure ratio
(F; main effect of exercise, p=0.001, H; main effect of exercise, p=0.002). Mean type IIa/x positive area
and hybrid to pure ratio were dependent on exercise group, injury, and time point (F; three-way
interaction, p=0.001, H; three-way interaction, p=0.002). ⁑=main effect of exercise, Ø=main effect of
injury, *=main effect of time, ‡=interaction of injury and time, ○=interaction of exercise and injury,
●=interaction of exercise and time, #=threeway interaction
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CHAPTER 4
DISCUSSION
Skeletal muscle functions as the physiological motor that facilitates motion and the
heterogeneity of muscle fibre types allows for its versatility of function. Nerve activity plays a
pivotal role in modulating fibre type composition, and it has previous been shown that muscle
inactivity or a loss of innervation can result in a shift from slow twitch (type I MyHC) toward
fast twitch (type IIb MyHC) along the following path: I→IIa→IIx→IIb (Biering-Sørensen et al.,
2009; Kalhovde et al., 2005; Qin et al., 2010; Schiaffino, 2010; Schiaffino & Serrano, 2002).
Conversely, when there is an increase in endurance type activity, innervation by a slow twitch
motor neuron, or stimulation by a chronic low-frequency pulse, a shift toward type I MyHC
expression can occur: IIb→IIx→IIa→I (Howald et al., 1985; Jansson et al., 1978; Kraemer et al.,
1995; Schiaffino & Serrano, 2002; Wilson et al., 2012). With exercise comes an inherent
potential for injury (acute trauma or contraction-induced, diffuse microtrauma) and previous
studies have examined the interaction of injury and the subsequent regeneration of skeletal
muscle on fibre type composition. These rodent studies found that in the TA and soleus there
was an initial upregulation of type IIx and IIb MyHC expression followed by a subsequent
reestablishment of the pre-injury phenotype (Dalle et al., 2020; Launay et al., 2006), suggesting
that during post-injury regeneration, skeletal muscle fibre type composition becomes transiently
malleable. Knowing that exercise training of healthy (non-injured) skeletal muscle can induce a
fibre type shift, it was the aim of this study to examine the effect of endurance exercise on fibre
type composition when implemented soon after injury.
Exercise and the Early Stages of Regeneration
The expression of eMHC accompanied by centrally located nuclei is a well-established
indicator of a newly formed muscle fibre and is used as an index of early regeneration
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(Schiaffino et al., 2015; Tseng et al., 2019). To better understand the interplay of injury and
exercise on the regeneration process the mean eMHC CSA and relative percentage of eMHC
positive fibres were compared between sedentary and exercised mice. In the TA, a
predominantly fast twitch muscle that functions as a dorsiflexor, endurance exercise did not have
a significant effect (p=0.081) on the regeneration process when compared to the sedentary group
as evidenced by the similar progression of eMHC positive fibres (Figure 2B and Appendix B,
Figure B1). The difference in mean eMHC CSA (Figure 2A) between the sedentary and exercise
groups was also not statistically significant (p=0.059), though there was a trend toward
significance. The exercise group was shown to have a smaller mean CSA at 5 days (344.4
µm2±77.6 µm2 vs 419.0 µm2±81.9 µm2) and 7 days post-CTX injury (396.7 µm2±69 µm2 vs
536.4 µm2±147.5 µm2) than the sedentary group in the TA (Figure 2A). Similar to the TA, the
plantaris is a predominately fast twitch muscle in the hind limb that opposes the action of the TA
and acts as a plantar flexor. The sedentary and exercise groups had a similar initial mean eMHC
positive area at 3 days post-CTX injury in the plantaris (Figure 2D). However, the exercised
mice had a lower peak mean eMHC positive area at 5 days post-CTX injury (17.6%±4.6% vs
27.8%±7.5%), as well as a lower mean eMHC positive area at 7 days post-CTX injury
(16.2%±12.6 vs 35.2%±18.8%) than the sedentary group (Figure 2D). Though the plantaris is a
predominantly fast twitch muscle like the TA, exercise appeared to affect the plantaris more so
than the TA, possibly due to the role of the plantaris as a body weight-bearing and locomotion
muscle. However, despite the difference in mean eMHC positive area, mean eMHC CSA at 3, 5,
and 7 days post-CTX injury were unchanged between the sedentary and exercise groups (Figure
2C).
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The soleus is a slow twitch muscle whose fibres are frequently recruited and, similar to
the plantaris, acts as a plantar flexor. Endurance exercise did not result in a significant difference
in mean eMHC positive area between the sedentary and exercise groups (Figure 2E and
Appendix B, Figure B3). Though unlike the two predominately fast twitch muscles, the soleus
showed a peak in mean eMHC positive area at the 5 day time point for both groups followed by
a drop at 7 days post-CTX injury (Figure 2F and Appendix B Figure B3). This suggests that the
soleus may inherently recover more quickly from injury, similar to previous observations of
regenerating mouse soleus compared to fast twitch plantar flexors (Krause et al., 2013). Taken
together, the findings in all three muscle groups provide some indication that exercise may have
induced in a more rapid recovery from injury or at least a more rapid exit from the eMHC
expression stage of regeneration (Augusto et al., 2004; Sitnick et al., 2013; Tyagi et al., 2017).
Alternatively, exercise may have blunted the expression of eMHC in the newly regenerating
fibres or delayed entry into the eMHC expression stage of regeneration.
Effect of Exercise on Type I Fibres Following Regeneration
Previous studies have shown the ability of chronic low-frequency stimulation, crossinnervation by a slow twitch motor neuron, and endurance exercise training to facilitate a shift in
fibre type composition from predominately type II MyHC expression to type I MyHC expression
(Bárány & Close, 1971; Eken & Gundersen, 1988; Howald et al., 1985; Jarvis et al., 1996;
Kraemer et al., 1995; Romanul & Meulen, 1967; Wilson et al., 2012; Windisch et al., 1998). It
has also been shown that skeletal muscle fibre type appears to be transiently malleable during
post-injury regeneration (Dalle et al., 2020; Matsuura et al., 2007). Thus, the current study
sought to examine the effect of increased endurance activity soon after injury to facilitate an
increase in type I MyHC expression.
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It was found that less than 0.1% of the regenerated muscle area observed in the TA had fibres
expressing type I MyHC regardless of injury or exercise (Figure 4A and Appendix B, Figure
B4), consistent with results previously reported by Dalle et al (2020) that found after CTXinduced injury of the TA, less than 1% of regenerated muscle fibres expressed type I MyHC
(Dalle et al., 2020). Similarly, type I fibres covered less than 1% of the regenerated fibre area
observed in the plantaris with the exception of the injured plantaris of the exercised group at the
14 day time point, 5.1% ±0.3% (Figure 6A and Appendix B, Figure B5). Together, these
findings suggest that exercise had little effect on the predominately fast twitch composition of
the TA and plantaris. In contrast, type I fibres are readily found in both the injured and noninjured soleus of the sedentary and exercised mice (Figure 8A and Appendix B, Figure B6).
While the type I fibre area observed in the injured soleus of the exercise group appeared lower
than the other groups at 14 days post-CTX injury (Figure 8A and Appendix B, Figure B6), this
too was a non-significant result. The lack of difference in type I positive area could be a result of
the short length of the exercise training (14 days) used in this study. It is well-established that
muscle fibre type transition occurs in an orderly manner (IIb→IIx→IIa→I) (Medler, 2019) and
the transition from type IIb to IIx to IIa occurs fairly rapidly, within 2 weeks (Howald et al.,
1985; Kalhovde et al., 2005; Windisch et al., 1998). However, these newly formed type IIa fibres
remain unchanged for a long period of time (more than 2 months) before transitioning to type I
MyHC expression (Howald et al., 1985; Windisch et al., 1998). Thus, despite instituting
endurance exercise training during the regeneration period in an attempt to take advantage of
fibre type composition being in flux, the training was not sufficient to drive a IIa→I shift.
The relative area for type IIa and hybrid type I/IIa fibres was examined since a significant
increase in either of these fibre type would suggest a shift toward the slower end of type II
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MyHC spectrum (Medler, 2019). No type I/IIa hybrid fibres were found at the 14 day time point
regardless of injury or exercise in the TA (Figure 4E and Appendix B, Figure B4). Mean type IIa
positive fibre area was similar within the sedentary group and the non-injured TA of the
exercised group at just above 2% (Figure 4B). A lower mean type IIa positive area (0.4%±0.6%)
was observed in the injured TA of the exercised mice, though this difference was not significant
(p=0.69) (Figure 4B). Further, the majority of muscle fibres observed in the injured TA of the
exercised group expressed type IIb MyHC (76.8% ±12.2%), which was within 1.6% of all other
groups (Figure 4D). When taken together these findings show that exercise following injury did
not result in a shift in muscle fibre type toward IIa and further confirms that exercise had no
effect on the fibre type composition of the TA. In the plantaris, there were more type I/IIa hybrid
fibres observed in the injured leg of the exercise (3.6%±5.7%) groups, which was not a
significant difference when compared to the other groups (p=0.30) (Figure 6E and Appendix B,
Figure B5). Similarly, the observed mean type IIa positive area within the injured plantaris of the
exercised mice showed a higher mean type IIa positive area of 17.6%±20.2%, though again the
effect of exercise was not significant when compared to the other group (p=0.170) (Figure 6B
and Appendix B, Figure B5). Thus, both the TA and plantaris failed to demonstrate a statistically
significant response to exercise in terms of a shift in fibre type composition towards the more
oxidative type IIa.
The plantaris and TA are predominantly fast twitch muscles but differ in their roles
during locomotion, with the TA acting as a dorsi flexor of the foot and the plantaris acting as a
body weight-bearing plantar flexor. The soleus is also a plantar flexor but is more easily
activated than the plantaris during submaximal contractile activity (eg: endurance exercise), thus
it could be speculated that the soleus would be more likely to have been affected by the exercise
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training in this study. It was somewhat surprising that type I fibres did not appear to be affected
by the endurance exercise training (Figure 8A and Appendix B Figure B6). Nevertheless, type
IIa and hybrid type I/IIa fibres were examined. Type I/IIa hybrid fibres were not significantly
higher in the injured soleus of the exercise group and only accounted for 4.3%±2.7% of total
MyHC of regenerated fibres in the injured soleus of the exercised mice (Figure 8E and Appendix
B, Figure B6). Type IIa fibres made up an additional 19.3%±9.9% of total MyHC of the
regenerated fibres in the injured soleus of the exercised group, and were lower than all other
groups (Ex CTX=19.3%±9.9% versus Sed=46.8%±1.8%, Sed CTX=38.7%±17.2%, and
Ex=46.1%±5.6%) (Figure 8B).
Surprisingly, a majority of regenerated muscle fibres in the injured soleus of the
exercised group were observed to be type IIa/x positive (54.2%±6.4%) which was significantly
higher than all other groups (Sed=5.9%, Sed CTX=15.8, and Ex=8.4%) (p=0.001) (Figure 8F).
This suggests that a shift in fibre type may have occurred toward type IIa/x hybrids as a result of
the 14 day bout of endurance exercise closely following CTX-induced injury. The source of this
shift is difficult to determine due to the limitations of immunohistochemistry, though it is
interesting to note that type IIa (Figure 8B) and type IIx (Figure 8C) relative fibre area were
relatively low at 14 days then rise at 50 days while IIa/x relative fibre area drops (Figure 8F and
Appendix B, Figure B6). Furthermore, the functional consequences of this shift are unclear.
Until recently, hybrid fibres were thought to represent fibres that had yet to “lock in” to a pure
phenotype and perhaps were less functionally potent in terms of contractile function. More
recently, it has been postulated that hybrid fibres are not functionally limited and can fulfill
intermediate contractile demands not well-served by pure fibre types in addition to serving as an
important intermediate during fibre type transition associated with adaptation to exercise
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(Medler, 2019). Thus, the significant increase in IIa/x fibres in the exercised, regenerating soleus
in this study may represent a novel, positive adaptation.
Following the 14 days of endurance exercise training, the exercise groups were allowed
to return to sedentary behaviour for 36 days to determine how permanent any observed changes
would be. At the end of the 36 days of sedentary behaviour the differences in mean fibre type
specific positive area in the injured leg of the exercised groups describe above returned to values
similar to the other groups at the 50 day time point. Most notably in the soleus, mean type I
positive area increased from 11.4%±11.2% at the 14 day time point to 42.3%±9.6% at the 50 day
time point (Figure 8A and Appendix B, Figure B6). As well, the mean type IIa/x decreased from
54.2%±6.4% at the end of exercise (14 days post-CTX injection) to 9.8%±5.9% after 36 days of
sedentary behaviour (50 days post-CTX injection). Thus, the modest changes in fibre type
MyHC expression obtained via exercise training during regeneration were lost upon cessation of
the training stimulus.

LIMITATIONS
A primary limitation of this study was the duration of the exercise training period which
may have been too brief to induce significant shifting in fibre type composition of the three
muscle groups examined. Studies investigating the ability of endurance exercise to cause a fibre
type shift from fast (type II MyHC) to slow twitch (type I MyHC) have typically observed an
shift that is restricted within type II fibres (IIb→IIx→IIa) (Medler, 2019; Qaisar et al., 2016). It
has been shown that though the transition from type IIb to type IIa may occur within 3 weeks,
this can remain unchanged for upwards of 2 months before further shifting into the type I fibre
complement is observed (Kalhovde et al., 2005; Windisch et al., 1998). Thus, this study may
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have demonstrated stronger fibre type changes with exercise had the training been extended to
the 50 day time point or beyond.
There are several other indices of overall muscle morphology, function, metabolism, and
phenotype that would also be of interest to examine. There is evidence that motor neurons play a
pivotal role in facilitating fibre type transitions induced by exercise or exogenous nerve
stimulation, mediated by nerve activity-dependent signaling pathways (Ciciliot & Schiaffino,
2010; Schiaffino & Serrano, 2002). Of interest to the current study would be the calcineurinNFAT signaling pathway since the chronically elevated cytosolic calcium during endurance
exercise induces its activation (Qaisar et al., 2016). In addition to fibre type transition, endurance
exercise has been shown to result in mitochondrial biogenesis accompanied by improved
functional parameters of mitochondria (Hood, 2009; Ljubicic et al., 2010). Endurance exercise
has been shown to increase mitochondrial content between 50% and 100%, though it can take
approximately 6 weeks before this higher steady-state mitochondrial content is reached (Hood,
2001, 2009). This change in mitochondrial content is in part attributed to PGC1-α, which has
also been implicated as a major contributing factor to the development of type I muscle fibres
(Matsuura et al., 2007; Qaisar et al., 2016). Future studies may benefit from examining
mitochondrial content and function as a secondary indicator of a shift toward a more oxidative
phenotype. In the current study there was only some fibre type transitioning observed, however,
the effect of the injury and exercise on fatigue resistance and aerobic capacity were not
investigated.
Care should be taken when interpreting the results of the current study due to the small
number of subjects per group (n=8). As well, analysis and interpretation of immunostained
sections was made difficult at times due to freeze artifact occurring in some tissues. There were
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also instances in which CTX-injury was limited to the periphery of the muscle group which may
have resulted in a skewed fibre type composition due to the limited number of fibres and
applicable areas to observe.

CONCLUSION
The current study has shown that 14 days of moderate endurance exercise soon after
injury is not likely enough stimulus to drive a significant shift in the fibre type composition of
the TA, plantaris, and soleus. Furthermore, the changes that were observed returned to baseline
following 36 days of sedentary behaviour suggesting that fibre type changes accrued during
regeneration and exercise are not permanent. It was also hypothesized that endurance exercise
soon after injury would facilitate a significant increase in the percentage of type I positive fibres
which did not occur. As previously discussed, the time-course of this study may have been too
short, like many before it, to be able to observe any potential shifting of type IIa fibres to type I
(Medler, 2019). This study is another in the group of studies that have found that endurance
exercise-induced fibre type transition is limited within type II fibres. However, future studies
examining a longer time-course may find contradicting evidence that agree with the current
literature that fibre type transitions are activity and time-dependent. Inevitably injury occurs to
healthy skeletal muscle whether via tasks of daily living, direct injury, or exercise, which leads to
the question “How quickly should I return to activity?” We have shown here that an immediate
return to activity does not lead to an obvious fibre type composition benefit and a blanket
statement regarding the return to activity may not be possible.
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APPENDIX A
Experimental Timeline
Figure A1. Experimental Timeline. A visual Representation of the major events during the
experimental protocol
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APPENDIX B
Representative Microscope Images
Figure B1. Immunohistochemical stain of eMHC and Laminin at 3, 5, and 7 days post-CTX
injury in the injured TA of sedentary and exercised mice.

Merged channel images of murine tibialis anterior muscle cross-section incubated with a
primary antibody cocktail (BF-45 and 4H8-2). Shown are eMHC (Red) positive fibres co-stained
with laminin (Green) to aid in determining distinct fibres. Scale bar represents 100 µm.
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Figure B2. Immunohistochemical stain of eMHC and Laminin at 3, 5, and 7 days post-CTX
injury in the injured plantaris of sedentary and exercised mice.

Merged channel images of murine plantaris muscle cross-section incubated with a primary
antibody cocktail (BF-45 and 4H8-2). Shown are eMHC (Red) positive fibres co-stained with
laminin (Green) to aid in determining distinct fibres. Scale bar represents 100 µm.
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Figure B3. Immunohistochemical stain of eMHC and Laminin at 3, 5, and 7 days post-CTX
injury in the injured soleus of sedentary and exercised mice

Merged channel images of murine soleus muscle cross-section incubated with a primary
antibody cocktail (BF-45 and 4H8-2). Shown are eMHC (Red) positive fibres co-stained with
laminin (Green) to aid in determining distinct fibres. Scale bar represents 100 µm.
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Figure B4. Immunohistochemical stain of mature MyHC expression in injured and non-injured
tibialis anterior of sedentary and exercised mice at 14 and 50 days post-CTX injury

Merged channel images of murine tibialis anterior muscle cross-section incubated with an
antibody cocktail (BA-F8, SC-71 and 6H1). Shown are type IIb (green) fibres. Scale bar
represents 100 µm
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Figure B5. Immunohistochemical stain of Mature MyHC expression in injured and non-injured
plantaris of sedentary and exercised mice, 14 and 50 days post-CTX injection

Merged channel images of murine plantaris muscle cross-section incubated with an antibody
cocktail (BA-F8, SC-71 and 6H1). Shown are type I (purple), type IIa (red) and type IIb (green)
fibres. Scale bar represents 100 µm.
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Figure B6. Immunohistochemical stain of Mature MyHC expression in injured a non-injured
Soleus of sedentary and exercised ice, 14 and 50 days post-CTX injection

Merged channel images of murine soleus muscle cross-section incubated with an antibody
cocktail (BA-F8, SC-71 and 6H1). Shown are type I (purple), type IIa (red) and type IIb (green)
fibres. Scale bar represents 100 µm.
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